The ability of organisms to respond to fluctuating temperatures is ubiquitous but poorly understood. Recent studies of nematodes reveal specific sensory neurons and interneurons that mediate thermotaxis.
All organisms confront fluctuating temperatures and have evolved mechanisms that allow them to manage this imperfect condition. Physiological processes are optimized for particular temperatures, and changes in body temperature challenge this optimization. Indeed. optimized body temperature is so important that warmblooded animals expend huge amounts of energy maintaining a precise body temperature in the face of a changing environment. To achieve this precision, sensors of body temperature initiate endocrine feedback processes that correct deviations from the optimum [1] . The physics of heat diffusion makes this warm-blooded strategy untenable for very small animals and for animals with a low basal metabolism. Instead, such animals move around, in order to minimize environmental temperature fluctuations away from their preferred temperature. This strategy requires accurate mechanisms for sensing and responding to external temperature gradients. In addition, animals have pain receptors that activate aversion in response to dangerously high temperatures, as anyone who has touched a hot stove can appreciate. Although something is known of the endocrine regulation of warm-blooded body temperature, little is known of the mechanisms underlying the sensation of thermal stimuli.
The nematode worm Caenorhabditis elegans lives in the upper layers of the soil, which are subject to diurnal temperature cycles, and the worm has an effective mechanism for regulating its body temperature. When placed on a surface that has a thermal gradient, C. elegans displays a strong preference for a particular temperature by moving towards it (thermotaxis [2] ). When the thermal gradient is radial, this preference results in striking isothermal tracks on an assay plate (Fig. la) . Animals can move several centimeters during such an assay, while diverging from a perfect isothermal line by less than 0.1 C [2] . The preferred temperature closely matches the temperature at which the animals were previously cultivated over the range 15-25 C [2] , and this preference changes gradually over a period of several hours when the cultivation temperature is shifted. These results suggest that animals prefer their cultivation temperature because their physiology is optimized for that temperature, but that exposure to a new temperature slowly resets the optimum [2] . There is also an element of learning in thermal preference, as animals that are starved change their minds and avoid their cultivation temperature ( Recent studies by Mori and Ohshima [3] have revealed a neural circuit that regulates thermotaxis in C. elegans. They used a laser microbeam to kill identified neurons in young animals [4] and assayed thermotaxis in the resulting adults. Previous studies had suggested that a key sensory neuron for thermotaxis is one called AFD, which is one of twelve neurons comprising a sensory organ called the amphid [5] . Each animal has two identical amphids with sensory endings near the tip of the worm's nose; Fie. 1. Tracing of tracks made by animals grown at 200 C when moving on an agarfilled petri dish that has a radial thermal gradient. The center of the plate is about 17 C and the edge is about 25 C. The center is stably chilled by placing a vial of frozen acetic acid in contact with the plastic [2] . Panels (a) and (b) show the most common patterns exhibited by unoperated wild-type animals: (a) good isothermal tracking at about 20°C (seen in about 75% of assays), and (b) good isothermal tracking at a colder temperature (seen in most other assays). Panels (c) and (d) show the two most common patterns seen when both AFD neurons were killed: (c) cryophilic, with no isothermal tracking, and (d) athermotactic. Panels (e) and (f) show the two most common patterns when both AIZ neurons were killed: (e) thermophilic with some isothermal tracking, and (f) thermophilic with no isothermal tracking. Photographs reprinted with permission from [3] .
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unique sensory endings (Fig. 2) composed mostly of about 40 finger-like projections [10j, which have inspired the unofficial name 'finger cell'. It is likely that these fingers provide a large membrane surface for thermosensory transduction events. As befits the cell's function as a thermosensor, the fingers are close to the environment but not directly exposed to it.
How does the sensory finger cell control movement? Again using a laser microbeam, Mori and Ohshima [3] tested the involvement of several interneurons that are thought -on the basis of electron microscopical analysis -to be directly or indirectly postsynaptic to the finger cell [11] . The results are intriguing. Animals in which the AIY interneurons were killed were strongly cryophilic and incapable of isothermal tracking (Fig 1c) . Animals in which the AIZ interneurons were killed preferred temperatures warmer than their cultivation temperature (thermophilic response), but were nevertheless often capable of isothermal tracking (Fig. le) . Using combination kills of these two types of interneuron and the finger Fig. 2 . Schematic longitudinal section of the sensory ending of the finger cell (AFD) and other neurons in the amphid sensillum at the tip of the nose. Anterior is up, and only a few of the fingerlike projections are seen in this section. The finger cell ending has a basal-body-like structure in the most distal finger, and at its base it forms tight junctions with the surrounding amphid sheath (light gray). The sensory endings are at the end of dendrites that extend from cell bodies near the nerve ring (the brain of the worm). Some of the endings are exposed to the environment through a pore shown at the top. A socket cell (dark gray) forms the junction between the sheath cell and the cuticle. Drawing reprinted with permission [5] .
one is shown in Figure 2 . Other amphid neurons mediate chemotaxis [6, 7] and response to a pheromone [8, 9] . Animals in which both AFD neurons were killed were incapable of isothermal tracking and showed either no temperature preference (Fig. d) or a preference for cold (cryophilic response; Fig. c) . Conversely, thermotaxis was normal in animals in which all amphid neurons were killed with the exception of the two AFD neurons.
These .results indicate that the two AFD neurons are thermosensory and are essential for isothermal tracking and normal temperature preference, but suggest that additional unidentified neurons can mediate a weak cryophilic response (Fig. 3) . Killing one of the two AFD neurons caused only a slight thermotaxis defect, indicating that comparison of inputs from the two AFD neurons is not essential for thermotaxis. Each AFD neuron has On the left is a conceptual model of events that are likely to underlie thermotaxis. On the right is a specific model for the involvement of implicated neurons, aligned with the conceptual steps that they may mediate. Triangles are sensory neurons and hexagons are interneurons. The neuron with a question mark is shown to explain the residual thermotaxis seen when the AFD neurons are killed. Arrows indicate places where putative synapses were observed by electron microscopy [10] . The signs next to these arrows indicate whether the synapses are excitatory or inhibitory and are based on the results of neuronal killing (for example, killing of AIY and AIZ causes opposite thermal preferences). The data do not permit such an assignment for the synapses from AIY and AIZ to RIA.
cell, these cryophilic and thermophilic movements were shown to depend on the finger cell. When both AIY and AIZ interneurons were killed together, animals became nearly immobile on thermal gradients.
These results suggest that AIY likes it hot, driving the worm towards temperatures higher then the cultivation temperature, but AIZ likes it cold, and that a balance between these two drives is responsible for thermotaxis in intact animals. A simple model to explain this behavior is that the synaptic activity of the finger cell is modulated by temperature, and that this activity in turn regulates the relative contributions of AIY and AIZ to movement. Morphological synapses have been described from the finger cell to AIY and from AIY to AIZ [11] , suggesting the pattern of functional interactions shown in Figure 3 .
Neither the AIY nor the AIZ neuron makes a neuromuscular junction, so they must act through other neurons to control the muscle contractions that produce directed movement. Both AIY and AIZ make putative synapses to a major integrating interneuron called RIA [11] . Animals in which the RIA neurons were killed had defects reminiscent of the effects of finger cell loss, although the defects were more variable [3] . Several other candidate interneurons were not required for normal thermotaxis. These results suggest that AIY and AIZ mediate thermotaxis in part by regulating RIA, although it remains unclear exactly how the activity of RIA controls the appropriate muscles to direct movement.
The elucidation of a thermosensory neural circuit alone is cause for celebration, but the future promise of this system lies in a rich set of mutants that affect thermotaxis in C. ttx-3) or thermophilic (tax-6) , suggesting that the genes mutated in each case function within specific components of the neural circuit shown in Figure 3 . Genetic mapping of these mutants combined with the complete physical map of the C. elegans genome [12] will soon lead to molecular cloning of many of these genes. It is reasonable to hope that the proposed neural circuit will soon be extended to a molecular level.
